We investigated the expression of Ca++ pump epitopes during enamel and dentin mineralization in the rat incisor. Secretory and maturation ameloblasts were studied as well as odontoblasts, using a monoclonal antibody (5F10) a g a h t human erythrocyte plasma membrane Ca++, Mg"-ATPase. A progressive increase in staining intensity in ameloblasts and the odontoblasts was observed beginning with the onset of mineralization. The mainly membrane-related labeling of ameloblasts showed variable intensity depending on the stage of enamel formation, whereas that of the odontoblasts showed even intensity during continued dentinogenesis. Staining of papillary ce& was evident only during enamel maturation.
Introduction
The influx of large quantities of calcium and phosphate into the enamel and dentin matrices of developing teeth suggests that the formative cells may have a regulatory role in these mineralization processes. Ameloblasts, which border the enamel-forming surface, are known to undergo complex morphological changes during the transition between the enamel matrix secretion stage and the later stages of enamel maturation during which enamel acquires the bulk of its mineral content (1-4) .
The presence of Ca**, Mg++-ATPase has been cytochemically demonstrated in both secretory and maturation ameloblasts (5) (6) (7) (8) . Although this enzyme has been shown in erythrocytes to be identical to the plasma membrane Ca++ pump, in other tissues Ca*+-ATPase activities are not always related to the active transport of calcium. For example, Moy et al. (9) Western blot analysis of freeze-dried ameloblasts was also used to determine the molecular weight of the Ca** pump epitopes as well as the distribution and relative concentration of epitopes at each stage. An immunoreactive band of m v 140 w and lower molecular weight bands that are more intense in late than in early maturation were demonstrated. Our studies suggest that the expression of plasma membrane Ca++ pump parallels the progression of mineralization in rat incisor enamel and dentin. (JlYistochem CgtOchem 41:175-181, 1993) KEY WORDS: Ca++ pump; Cat+, Mg+' -ATF' ase; Ameloblasts; Odontoblasts; Mineralization; Rat.
ATPase activity in the intestinal basolateral membrane which, in that tissue, is distinct from the plasma membrane Ca++ pump. The presence of ecto-Ca++-ATPase activity unrelated to Ca++ transport has also been demonstrated on the surface of neuronal and liver cells (10,ll) . It is therefore important to distinguish Ca*+ transport from Ca++-ATPase activity in studies of mineralizing tissues.
Vanadate, an inhibitor of the plasma membrane Ca++ pump, has been shown to markedly decrease calcium incorporation into enamel (12) . Levamisole, a potent inhibitor of alkaline phosphatase, does not have this effect (5). The present study was undertaken to investigate the expression of plasma membrane Ca++ pump epitopes in rat incisor formation and mineralization. We have used a monoclonal antibody (MAb) 5F10 directed against the human erythrocyte plasma membrane Ca++ pump to localize Ca" pump epitopes in the ameloblasts and papillary cells associated with enamel formation and the odontoblasts associated with dentin formation. This antibody has been shown to crossreact with Ca++ pump epitopes in calcium-transporting tissues from a wide range of species (13). Our studies suggest a close correlation between the progression of mineralization of rat incisor enamel and dentin and the amount and expression of the plasma membrane Ca++ pump.
Materials and Methods

Materials
Sprague-Dawley rats were obtained from the Holtzman Company (Madison, WI). All animals were housed in an AAALAC-approved facility at the University of Illinois at Chicago. Avidin-biotin-peroxidase kits for immunohistochemistry and Western blotting were obtained from Vector Laboratories (Burlingame, CA). Reagents for gel electrophoresis and protein transfer were obtained from Bio-Rad Laboratories (Richmond, CA). All other reagents were purchased from Sigma (St Louis, MO) and were of the highest quality available.
Monoclonal Antibody to Plasma Membrane Ca++ Pump
Purification of the human erythrocyte Ca++ pump via calmodulin-affinity chromatography has been previously described (14) . Several MAb directed against the Ca" pump were prepared by cell fusion and hybridoma selection methods, and these have also been described and characterized in previous reports (13J5). One of these MAb, 5F10, recognizes a membranespanning region on the erythrocyte Ca" pump and also recognizes similar regions of Ca" pump molecules in a wide range of tissues and species (13). This antibody was purified from ascites fluid by ammonium sulfate precipitation and DEAE chromatography for use in immunohistochemical and Western blotting procedures.
Specimen Preparation for Immunohistochemistry
Twelve Sprague-Dawley rats weighing 100 g were perfused intracardially with4% paraformaldehyde in 0.1 M cacodylate buffer (pH 7.3). Segments of mandibular incisors and associated bone were cut with a Leitz precision saw from areas containing secretory, early maturation, and late maturation ameloblasts. These areas were identified by using the location of molars as landmarks for sectioning as previously described (16). These segments were demineralized in 50 mM EGTA at 4'C, dehydrated, and embedded in paraffin for sectioning. Serial sections cut along the mesiodistal plane permitted observation of ameloblast and odontoblast morphology at each stage of enamel and dentin formation.
Immuno hirtochemistry
Sections were processed for immunohistochemical localization of Ca" pump epitopes using the avidin-biotin-peroxidase technique of Hsu et al. (17) .
In this procedure, 3% hydrogen peroxide was used to block endogenous peroxidase activity and normal horse serum was used to block nonspecific binding of the secondary antibody (biotinylated horse anti-mouse Ig). In this technique, hydrogen peroxide in the presence of diaminobenzidine (DAB) serves as the substrate for a peroxidase molecule which is attached to an avidin-containing complex. This complex is linked to the secondary antibody, which in turn is linked to the site of antibody binding. This peroxidase molecule reduces the DAB substrate to produce a brown precipitate over the areas of the tissue containing Ca*+ pump epitopes. Anti-Ca" pump MAb 5F10 was found to produce optimal staining at a 1:lOOO dilution after a 1-hr incubation. Serial sections were also processed as negative controls without the primary (5F10) antibody. Sections of rat kidney that are known to contain 5F10-reactive Ca" pump epitopes were also simultaneously processed as positive controls. Some sections were counterstained with hematoxylin to aid in morphological identification.
Western Blot Analysis
Specimen Preparation for Western Blots. Intact mandibles were dissected free from anesthetized 100-g Sprague-Dawley rats processed in groups of four. Portions of incisors and surrounding tissues were isolated that represent secretory, early maturation, and late maturation ameloblasts based on the positions of the molars, as described for the immunohistochemistry procedure. These portions were immediately frozen in liquid nitrogen, chilled in isopentane at -150'C. and freeze-dried at -35°C in a cryostat under vacuum.
Polyacrylamide Gel Electrophoresis. The interface between the distal ends of the ameloblasts and the enamel surface in freeze-dried specimens was used as a refkrence for separation of the cells. Since the proximal ends of the ameloblasts are connected to the rest of the epithelial enamel organ, the separation is not as clear-cut as at the distal ends. The fibrous nature of the adjacent dental sac and its vascular components that invaginate the enamel organ were used as guides for cutting specimens to exclude both the dental sac and the vascularly invaginated enamel organ. Thus, the ameloblasts and the enamel organ cells immediately proximal to them were microdissected for homogenization. The rest of the enamel organ and the adjacent connective tissue areas (dental sac) were also dissected and processed as controls. The freeze-dried fragments of secretory, early maturation, and late maturation ameloblasts plus controls were homogenized on ice in Radnoti number 611 tissue grinders (Radnoti; Arcadia, CA). These fragments were homogenized in 100 PI of PBS, pH 7.4. containing 0.5 mM dithiothreitol (MT), 1 mM EGTA, and 0.5 mM benzamidine for 15 sec. Total protein content of the homogenate was determined by the bicinchoninic protein assay (BCA) (Pierce; Rockford, IL). Equal concentrations of each homogenate were denatured by heating in a boiling water bath (100°C) for 5 min in the presence of 50 mM Tris-HCI, pH 6.8, containing 5 % p-mercaptoethanol, 2% SDS, 10% glycerol, and 0.002% bromophenol blue. Ten micrograms of each sample were loaded in each well of 7% SDS-PAGE gels prepared by the method of Laemmli (18) Protein Transfer to Nitrocellulose. After electrophoresis, proteins were transferred from the gels to nitrocellulose by the electroblotting technique of Towbin et al. (19) . Proteins on nitrocellulose were placed in 0.1% sodium azide plus 3 % hydrogen peroxide in PBS for 10 min to block endogenous tissue peroxidase. A solution of PBS (pH 7.4) containing 5 % Tween-20 and 10 mg/ml BSA was applied to the blot for 1 hr. This solution blocks nonspecific binding of antibodies to the blot. Protein bands representing Ca++ pump epitopes were identified on the nitrocellulose by immunostaining with a 1:lOOo dilution of MAb 5F10, using an avidin-biotin-peroxidase technique similar to the technique used for the immunohistochemical localization of Ca++ pump epitopes in tissue sections as described by us in a previous report (13). The molecular weights of proteins transferred to nitrocellulose were determined by calculating the relative migration of the protein bands relative to biotinylated marker proteins of known molecular weight (Bio-Rad). These biotinylated marker proteins react with the avidinconjugated peroxidase and appear brown on the Western blot after immunochemical staining.
Quantification of Ca*+ pump. Protein bands that bound to MAb 5F10 were analyzed by densitometry on a Hoefer GS300 scanning densitometer (Hoefer Scientific Instruments; San Francisco, CA). Integration of the areas under the peaks associated with 5F10 binding were compared for secretory, early maturation, and late maturation ameloblast homogenates as well as controls.
Results
Immunohistocbemirtry
At the growing end of the rat incisor the pre-ameloblasts, i.e., the Figure 1. (a) Experimental section of the growing end of a rat incisor incubated with monoclonal antibodies to Ca", Mg"-ATPase. Section shows absence Of staining in pre-ameloblasts (PA) and pre-odontoblasts (PO) and a gradient of staining in secretory ameloblasts (Sec A) and odontoblasts (0). @) Similar area Of an identically incubated section but without counterstaining to highlight the immunostaining gradient in secretory ameloblasts (Sec A), and odontoblasts (O), which is concomitant with enamel and dentin formation, respectively. Bars = 100 pm. (c) Light to moderate staining of ruffle-ended ameloblasts also associated with the late maturation stage of enamel (same specimen as in b). Bars = 60 pm.
inner dental epithelial cells that are differentiating into ameloblasts, and the pre-odontoblasts located at the surface of the dental papilla showed no staining. As the ameloblasts and the odontoblasts became fully differentiated, a staining gradient of increasing intensity was observed (Figure la) . When these cells started to secrete enamel and dentin, the staining intensity became evident and seemed to parallel the progression of mineralization in both tissues ( Figure Ib) . Intense staining was evident in ameloblasts associated with initial enamel secretion and mineralization (Figure  2a ), as well as in the odontoblasts that preceded them in forming underlying dentin. This increased staining pattem was evident only in the ameloblasts and odontoblasts, whereas the surrounding tissues including the pulp, connective tissue of the dental sac, and the stratum intermedium cells were not stained (Figure 2a ). The ameloblasts and odontoblasts associated with the continued secretion and mineralization of substantial layers of enamel and dentin, respectively, exhibited sustained intense labeling in both cell types (Figure 2b) . The control specimens incubated without MAb 5F10 showed no labeling (data not shown).
Specific staining of the odontoblast cell body with antibody 5F10 appeared to be evenly distributed along the cell membranes (Figure 3) . The cells of the dental pulp were not stained. In contrast, secretory ameloblasts showed specific staining of plasma membranes which was not evenly distributed ( Figure 4 ). Ca++ pump epitopes displayed intense expression at the proximal ends of the ameloblasts. The adjacent enamel organ cells, including the stratum intermedium cells, appeared unstained. The distal membranes surrounding Tomes' processes which interdigitate with the enamel surface were lightly to moderately stained.
The Ca++ pump epitopes in ameloblasts and odontoblasts were clearly evident during both early and late maturation stages of enamel mineralization and the underlying dentin, respectively. However, the intensity of the labeling was frequently greater in ruffleended ameloblasts (RA) ( Figure Sa ) than in smooth-ended cells (SA) (Figure 5b ) associated with the same stage of amelogenesis. It is noteworthy that the onset of expression of Ca+* pump epitopes in adjacent papillary cells was also associated with enamel maturation. During the late maturation stage the papillary cells displayed positive labeling that was more intense than during early maturation but of somewhat less intensity than the adjacent ameloblasts ( Figure 6 ). Furthermore, ameloblasts associated with the late maturation stage showed structural variations consistent with modulation between the two types of ameloblasts (i.e., compare RA and SA in Figures 5a and 5b) . The positive immunoperoxidase staining of maturation ameloblasts showed variability, not only between ruffle-and smooth-ended ameloblasts but in different bands of the ruffle-ended cells. Successive bands of RA in the same specimen showed labeling intensity that ranged from intense to moderate (Figure 7a ). This variable intensity was evident in ameloblasts during early maturation (Figure 7a ) as well as in those associated with late maturation of enamel (Figures 7b and 7c ).
Western Blot Analysis
Western blot analysis of enamel organ homogenates representing cells associated with enamel secretion, as well as early and late maturation, demonstrated a major band of MW 140 KD corresponding to the molecular weight range (130 KD-150 KD) of Ca++ pumps in other tissues and species (Figure 8) . A band at MW 80 KD and other minor bands were also observed and may represent proteolytic fragments of the Ca++ pump. Faintly visible immunoreactive bands were seen in control tissue homogenates, which included the outer layers of the dental organ epithelium and the connective tissue of the dental sac. The fact that traces of bands were present may be attributed to the dental organ cells, and the low intensity suggests that the associated tissue vasculature is not a significant factor contributing to the staining reaction. The presence of Ca++ pump in these tissues has not, however, been ruled out. These results suggest that any Ca++ pump present in these tissues is present in amounts below the level of our detection system. Figure 8 includes the results of a densitometric scan of the 140 KD protein bands in the Western blot. The results of this scan demonstrate a 90% increase in the area under the peak associated with the 140 KD band from the early maturation stage ameloblasts and a 79% increase in the area under the peak associated with the 140 KD bands from late maturation ameloblasts relative to the secretory stage ameloblasts. No bands were seen in control tissues, and therefore controls were not scanned.
Discussion
The presence of a Ca", Mg++-ATPase in the plasma membranes of ameloblasts and odontoblasts has been confirmed by histochemical and cytochemical studies (5-8). Conflicting results as to the exact location of the reaction product associated with this enzyme suggest that one or more membrane-associated ATPases are contributing to the reaction product. In our previous studies we have attempted to control the reaction conditions to minimize this possibility (5). In the present work we have used an antibody directed against the plasma membrane Ca++ pump to eliminate the confusion associated with contribution of ecto-ATPases (20) or membrane phosphatases to the ATPase cytochemical reaction product and to look specifically at plasma membrane Ca++ pump. From these studies we have found the localization of Ca++ pump epitopes to be consistent with the Ca", Mg++-ATPase reaction product found in our previous cytochemical studies.
We have found that Ca++ pump epitopes are present in all stages of amelogenesis and dentinogenesis but that the location and intensity of staining of Ca++ pump epitopes varies with the progress of tissue mineralization. The present immunohistochemical findings demonstrated Ca++ pump epitopes in ameloblasts and odontoblasts. However, no such epitopes are detected in surrounding connective tissue cells of the pulp or dental sac. Specific localization of epitopes exclusively in the plasma membranes is seen in Figures 3 and 4 , which suggests that the staining is only of a membrane-associated protein.
The staining of secretory ameloblasts and odontoblasts seen in Figures la and 1b shows that the onset of staining coincides with the onset of enamel and dentin mineralization, respectively. Early maturation ameloblasts often exhibited greater intensity of staining than the secretory ameloblasts, which also suggests a parallel between epitope expression and increased calcium influx known to occur during early enamel maturation (21) .
Several previous studies have demonstrated that the ameloblast undergoes modulation cycles associated with enamel maturation (1-4). Our previous studies have also shown modulations in Ca++, Mg'+-ATPase activity in maturation ameloblasts (22). In the present study the labeling intensity of the immunohistochemical staining was usually more evident in the ruffle-ended ameloblasts and less so in the smooth-ended cells. This finding is consistent with our earlier cytochemical localization of Ca**, Mg++-ATPase activity (5). Significantly, Berdal et al. (23) recently reported a variable concentration pattern of two vitamin D-dependent calcium binding proteins, i.e., calbindins 9 KD and 28 KD, in cyclically modulating ameloblasts associated with enamel maturation. Their light microscopic findings showed alternating negative and positive immunostaining in ameloblasts of the maturation zone. At the electron microscopic level with co-localization of both proteins, the ruffleended ameloblasts were intensely labeled but the smooth-ended ones contained only a few gold particles. These findings are consistent with our light microscopic observations of Ca++ pump expression in maturation ameloblasts. However, in our study it was not always possible to clearly observe the cell features that would unequivocally characterize whether the ameloblast is a ruffle-ended, smooth-ended, or modulating one throughout the cell cycles associated with enamel maturation. Therefore, we are unable to document a correlation between the modulation in the expression of Ca" pump epitopes and these cycles. This observation suggests that the ameloblast modulation cycles are not the result of modulations in Ca++ pump expression but may result from modulations in the activity of the Ca++ pump or some other unrelated mechanism. We did, however, observe differences in Ca++ pump epitope expression during the maturation phase of enamel mineralization and in the expression of the Ca'+ pump epitopes in cells of the papillary layer during late maturation.
At the onset of mineralization, we observed an increase in expression of Ca++ pump in secretory ameloblasts ( Figure Ib) . In addition, at the beginning of the late maturation stage we observed the onset of Ca" pump expression in the cells of the papillary layer ( Figure 6 ). In contrast, after the initial onset of mineralization the odontoblasts appear to remain uniformly stained along their cell membranes.
Western blot analysis of microdissected cells from freeze-dried secretory, early maturation, and late maturation ameloblast cell layers demonstrated major immunoreactive bands of MW 140 KD which are more intense in maturation than in secretory ameloblasts. These bands fall within the molecular weight range (130-150 a) of plasma membrane Ca*+ pump proteins identified in other tissues and species (24). Lower molecular weight bands of MW 80 KD were also observed in homogenates of ameloblasts from each stage. These bands were also more intense in maturation ameloblast homogenates than in secretory ameloblast homogenates. These observations suggest that these lower molecular weight bands represent fragments of the Ca++ pump that may be due to the higher activity of tissue proteases, which has been observed in maturation ameloblasts relative to secretory ameloblasts (22). Western blot analysis of the controls, which included the outer layers of the dental organ as well as the adjacent dental sac and which were processed on the same gels as the homogenized ameloblasts, did not show the major immunoreactive band of MW 140 KD corresponding to the Ca++ pump protein. The faint bands seen in these controls at both 140 KD and lower molecular weights are due to the relatively low content of the Ca** pump protein which is present in the epithelial dental organ cells. The low intensity of the band staining indicates that the Ca++ pump protein is absent in the connective tissue cells of the dental sac. These results correspond to the immunohistochemical findings in this study.
Our immunochemical studies represent the first demonstration of plasma membrane Ca++ pump epitopes of the erythrocyte type in rat ameloblasts and odontoblasts. The localization of these epitopes is similar to that of the c$+, Mg++-ATPase reaction product observed in our previous work (5). Western blot analysis demonstrates a molecular weight for these epitopes that is similar to other known plasma membrane Ca++ pumps (24). Taken together, our data demonstrate plasma membrane Ca++ pumps of the erythrocyte type in ameloblasts and odontoblasts of the rat incisor. These proteins are localized in such a way as to suggest that in addition to assisting in the maintenance of intracellular calcium levels, plasma membrane Ca++ pumps may play a role in regulation of the delivery of calcium to the mineralizing enamel and dentin of the rat incisor.
